Free space optical communication channels can transmit high-speed data between sites over the air. We show here that a FSO digital optical communication channel can be repurposed and used directly for two-way time transfer. We demonstrate real-time synchronization between two sites over a turbulent air path of 4 km using binary phase modulated CW laser light. Under synchronization, the two sites have a sub-3-ps time deviation below the synchronization bandwidth and a fractional frequency deviation below at one hour averaging time. Over an 8-hour period the peak-to-peak wander is 16 ps. Work of the US government not subject to copyright.
INTRODUCTION
Free space optical (FSO) communications systems provide a means of high-speed communication between sites when a fiber optic connection is not available or possible. They are an appealing alternative to their RF counterparts due to high available data rates for applications such as back-haul for cellular systems, fiber backup during disaster recovery, and metropolitan area networks [1] . Here we explore the use of a digital FSO communication system for a different application, namely to support optical clock networks. Optical clock networks have numerous applications such as phased array telescopes, geodesy, and precise navigation and timing [2] . In the past, we have demonstrated optical two-way time-frequency transfer by the two-way transmission of coherent frequency comb pulse trains, combined with linear optical sampling. This approach has shown femtosecond level synchronization over free space and is therefore capable of supporting the best state-of-the-art optical clocks [3] . However, this system is complicated, requiring three frequency combs for each link and the high-fidelity transmission of analog frequency comb pulses. Moreover, this level of timing precision is not always required. In this work, we present a time transfer method over a free space link that uses only a digital optical communication channel. This approach still exploits two-way time transfer (and therefore the reciprocity of the atmosphere) but has minimal hardware overhead. In many ways, this method is analogous to microwave satellite time transfer [4] and uses phase-modulated, large time-bandwidth product waveforms and coherent detection over a reciprocal single-mode link. Fig 1a. shows the general layout of the experimental configuration, consisting of a clock at a master and remote site. We establish a digital optical communication link between the sites based on binary phase-shift keyed (BPSK) modulation of CW laser light. This digital communication channel is exploited for both timestamp generation and data transmission. The general approach follows the standard two-way time transfer. Four timestamps are required for computing the time offset between the master and remote site. A digital waveform is generated at the master site at time and transmitted over the optical communication channel, arriving at the remote site at a time after traversing the free space link. The same procedure is done for a digital waveform sent from the remote site. The timestamp information is transmitted from the master site to the remote site via the same optical communication channel. The time offset is computed in real time as the following linear combination:
II. EXPERIMENTAL SETUP
This time offset is then fed into a feedback loop to synchronize the remote clock to the master clock. Fig 1b. shows the timing system structure. To get the required timestamps, a Field Programmable Gate Array (FPGA) transmitter module encodes a pseudorandom binary sequence (PRBS) using an electro-optic modulator (EOM) on a distributed feedback laser (DFB). The 1024 chip Manchester encoded PRBS sequence provides a large ambiguity range and narrow pulse correlation. The FPGA also runs the coherent communication channel consisting of a packet generator and reciever that is time-multiplexed with the PRBS generation. Coherent detection on the receiver side gives good sensitivity and a lower dynamic range than direct detection at the cost of sensitivity to the phase noise on the optical carrier. The communication system transmits the required timestamps to compute the time offset on the remote site. The feedback utilizes a Kalman-based estimator and a loop filter followed by a direct digital synthesizer to synchronize the sites. The standard deviation is 4 ps over 8 hours with a temperature-driven peak-to-peak wander of 16 ps. The system corrects for ~1 μs of drift between the clocks over the measurement period. Data is resampled to 1 Hz. Figure 2 shows the time offset between the clocks during synchronization over a 4 km air path. The peak-to-peak wander over 8 hours is 16 ps with a standard deviation of 4 ps. This wander is due to temperature fluctuations (up to 3° C) in our photodetectors, RF components, and fiber that are not common mode to the bi-directional propagation. The necessary clock correction reaches a maximum 1.4 μs over the 8-hr duration measurement.
III. RESULTS
The time deviation is seen in Fig. 3 showing the shorted, 4 km and open loop system performance. Above the synchronization bandwidth of 0.1 Hz (10 s averaging time) the cavity-stabilized lasers are quieter than the synchronization system. However, at averaging times longer than 10 s, the relative phase noise of the open loop cavities becomes dominant and the synchronization system's feedback loop improves the performance. The shorted and 4 km data maintain a time deviation below 3 ps above 10 s averaging times, with the 4 km data exceeding 1 ps at the longest averaging times due to the thermal drift from open windows. 
IV. CONCLUSION
We have shown a synchronization system using an optical communications channel. Over 4 km, the residual time deviation is below 1 ps at 1 hour averaging time with a peakto-peak wander of 16 ps over 8 hours. This approach could be used directly in any reciprocal FSO optical communication link.
